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Abstract 
Significant progress in understanding noble metal species transformations in dielectrics can be achieved from the real-time 
monitoring of optical properties during material processing. In this work, in situ optical microspectroscopy is employed to study 
the Ostwald stage of Ag nanoparticle (NP) growth in nano-thin SiO2 films on soda glass substrates during heat treatment in air in 
the 550 – 600 °C range. The evolution of Ag NP size is assessed in the framework of Mie extinction and crystal growth theories. 
An Arrhenius-type analysis of a set of time-dependent isotherms yields an activation energy of 1.9 eV for the Ostwald growth. 
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1. Introduction 
The use of in situ techniques for the study of metal nanoparticle (NP) transformations is currently an active area 
of research since a great deal of information can be obtained by monitoring processes in real time [1-4]. The 
physico-chemical insights obtained by such means advance fundamental knowledge of nanoscale systems, and at the 
same time facilitate the tuning of material optical properties for a variety of applications [2,4,5]. Of particular 
interest are nanocomposite materials consisting of noble metal NPs embedded in an optically transparent and robust 
inorganic amorphous matrix, which are attractive for solar cells technology [6], ultrafast non-linear optics [7], and 
chemical sensing [8]. In such context, an in situ optical microspectroscopy technique was recently proposed by the 
authors [5,9] for investigating the temperature- and time-dependencies of Ag NP growth and oxidation processes in 
Ag:SiO2 nanocomposite films relevant to optoelectronics. Films of varying thicknesses were deposited on soda-lime 
glass substrates, and further studied spectroscopically in real time during thermal processing in air [5,9]. 
Subsequently, data analysis was carried out in the framework of Mie extinction and crystal growth theories, together 
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with consideration to thermodynamic and kinetic properties of metal particle oxidation. Thus far, a quantitative 
assessment of NP growth via Ag diffusion in air atmosphere was reported for the relatively thick film (800 nm 
thick) [5], for which the activation energy for the process was estimated at 2.6 eV. On the other hand, a quantitative 
determination of the activation energy for Ag NP growth in the Ostwald ripening regime was not reported for 
thermal processing in air, neither for the thick [5] nor for the nano-thin (55 nm thick) film [9]. In this work, the 
latter, the nano-thin film, is further studied in a narrowed elevated-temperature interval in order to perform a 
quantitative assessment of the kinetics of Ag NP growth in the Ostwald stage which was suggested in our previous 
study [9]. The assessment is shown feasible by application of the approach recently proposed for the experimental 
determination of metal transport properties in solid-state clustered matter, originally carried out under inert 
atmosphere for similar nanocomposites [10,11].  
2. Experimental 
The nano-thin Ag-doped SiO2 films were deposited on soda-lime glass substrates by magnetron co-sputtering as 
described elsewhere [12]. The films were about 55 nm thick with a Si:O 1:2 stoichiometry and 4.75 at. % of Ag as 
determined by Rutherford backscattering spectroscopy. A CRAIC Technologies QDI 2010 microspectrophotometer 
equipped with a heating stage was used to conduct optical absorption measurements in situ during heat treatment 
(HT) in air [9]. The optical measurements were performed with a 10X objective on 50 μm x 50 μm sample areas 
with particular attention given to keep sample position and experimental conditions constant. All samples were 
brought to the desired temperature at a rate of 50 °C/min. The Ag NP size was estimated by fitting experimental 
surface plasmon resonance (SPR) profiles to theoretical spectra generated based on the dipole approximation of Mie 
theory in the 2.0 – 4.0 eV region, which has shown good agreement with other experimental determinations of NP 
size [10,12]. Two parameters are obtained as a result of the numerical modeling. The most important fitting-deduced 
parameter is the effective particle size or diameter (also referred to as ‘optical’ size). The second one is the dielectric 
constant of the matrix, m , due to the sensitivity of SPR peak position to the optical properties of the surrounding 
medium. Herein, SPR peak position was observed to vary with HT temperature and holding time, indicating 
variation in the local dielectric constant around NPs during thermal processing (vide infra). Thus, m values 
employed in fitting the spectra were varied between 2.16 and 2.43 in order to account for the shift in SPR peak 
position observed within the temperature range considered.  
 
 
Fig. 1. Absorption spectra of Ag:SiO2 film during HT at 550 ºC. The inset shows the fit of an ‘as prepared’ sample spectrum at RT (circles) with 
that calculated from Mie theory (solid curve; diameter estimated at 2.64 nm).  
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3. Results and discussion 
Figure 1 shows representative absorption spectra which correspond to data collected during HT at 550 ºC for 
displayed holding times. The inset in Fig. 1 shows a typical result for the fit of the experimental SPR absorption 
spectrum with that calculated from Mie theory [9,10], in this case corresponding to an ‘as prepared’ sample 
spectrum at room temperature (RT). Particle growth for the current system studied under aforementioned 
experimental conditions has been previously indicated to occur via Ostwald ripening in the 550 – 600 °C range [9]. 
The particle size increase was indicated after a holding time of 10 min., yet, subsequently reaching a plateau 
followed by a size decrease owing to the eventual prevalence of oxidation [9]. Hence, the growth is monitored 
herein during HT at 550, 575 and 600 °C, after 10 min. of holding time and up to before the plateau is reached. The 
corresponding estimated Ag NP ‘optical’ size evolution is shown in Fig. 2. The estimated size increase was 
observed to correlate with SPR band narrowing. On the other hand, the observed SPR peak red shift and intensity 
decrease, e.g. Fig. 1, relate to the physico-chemical consequences of O2 diffusion [9,11]. Namely, the former is 
associated to variation in the local dielectric constant around the NPs in the matrix, whereas the latter is related to a 
decrease in plasmonic Ag concentration via oxidation, e.g. during the dissolution of smaller particles, concurrent 
with the ripening [5,9,11]. The observed variation in the initial NP ‘optical’ sizes is likely due not only to the 
temperature dependence of the growth, but to inherent particle size non-uniformity among samples as well [9-11]. 
Yet, the rates of increase in Ag NP size have shown a distinct temperature dependence which allowed for the 
particle growth kinetics to be analyzed as described below.    
 
 
Fig. 2. Time evolution in Ag NP ‘optical’ size (diameter) as estimated from Mie theory during thermal processing at 550, 575 and 600 °C. 
 
Following the original work from Lifshitz and Slyozov [13], we have been able to treat quantitatively the time 
evolution of Ag NPs growth in the Ostwald ripening stage once size estimation is carried out in the context of Mie 
theory [10,11]. Throughout such ripening, or recondensation stage, larger particles grow at the expense of the 
dissolution of smaller ones, and particle diameter d varies linearly in proportion to the cube root of the holding time 
t as  
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is the diffusion coefficient, ER being the activation energy for the process, Bk  Boltzmann constant, the interface 
free energy,  the atomic volume, and eC the equilibrium Ag concentration at a fixed temperature T [10]. Herein, the 
linear dependence of Ag NP size with t1/3 is observed for the temperatures considered as shown in Fig. 3. Increasing 
slopes m of 1.21, 1.32 and 1.99 nm/h1/3 are estimated for 550, 575 and 600 °C, respectively. In addition, from Eqs. 
(1) – (3), the cube of the slope m becomes 
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and taking the natural logarithm from both sides of Eq. (4) yields 
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with Be kDCq 964 0
2
	 . Therefore, the ln(m3T) vs. T-1 plot allows for determining the apparent activation energy 
for Ag particle growth during the Ostwald ripening [10,11]. Such plot is presented in the inset of Fig. 3, where from 
the slope of the linear fit to the data, an ER of 1.9 eV is estimated. 
  
 
Fig. 3. Variation of Ag NP ‘optical’ size with t1/3 for real-time thermal processing at 550, 575 and 600 °C; solid lines are linear fits. The inset 
shows a plot of of the natural logarithm of the product of the absolute temperature and the cube of the slopes determined from the linear fits, 
ln(m3T), vs. the reciprocal absolute temperature, T-1. 
 
The current ER value determined is larger than that reported by Tanahashi et al. [14], who conducted a study on 
the effects of HT on Ag NP growth for sputtered Ag:SiO2 nanocomposite films and obtained an activation energy in 
association with particle growth during ripening of 88.1 kJ/mol (0.913 eV). However, although submitted to HT in 
an air atmosphere, their sample possessed a relatively large Ag concentration (20.4 at. %). In addition, it is not clear 
as to the thickness of the films, nor the particular substrate employed, both of which are known to play a role in the 
processes governing the particle transformations [5,9,15], which makes difficult the comparison. On the other hand, 
an assessment of the Ostwald growth of Ag NPs in the nano-thin films processed in an inert atmosphere yielded an 
apparent activation energy ER of 3.2 eV [11]. Similarly, the same approach applied to thicker Ag:SiO2 films heat-
treated under N2 also yielded a relatively large ripening activation energy ER of 2.8 eV [10]. It therefore seems that 
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the inert atmosphere promotes the subsistence of Ag NPs with relatively higher stability, while on the contrary, the 
air atmosphere increases the concentration of rather unstable particles owing to O2 diffusion within the matrix [16]. 
Accordingly, during such HT in the presence of O2, a greater quantity of NPs with smaller sizes and thus instability 
[16] would be attained which in turn would favor thermodynamically the particle dissolution during ripening, and as 
a consequence, a decrease in the apparent activation energy could result. In addition, during HT in air, metal 
oxidation and the consequent exchange between Ag+ ions in the film and Na+ ions in the soda glass substrate are 
supported [17,18]. Such sodium doping of the film likely results in a lowering of its viscosity [19]. As a 
consequence, a lower activation energy for the Ag NP growth may be realized stemming from a decreased matrix 
rigidity attained during HT in air relative to the N2 atmosphere where the ion-exchange process is inhibited [10,11]. 
The Ag+ ↔ Na+ ion-exchange is also a likely cause for the variation in SPR peak position observed, e.g. Fig. 1, since 
this process is also expected to influence the film refractive index [20]. Photoluminescence data reported in Ref. [9] 
is also consistent with an ion-exchange process following the metal oxidation, as it appeared indicative of Ag+ ions 
ending up largely in the glass substrate. 
4. Conclusions 
A real-time optical microspectroscopy investigation of the Ostwald growth of Ag NPs in SiO2 nano-thin films on 
soda glass has been conducted in situ during HT in air. Following particle size estimation by Mie theory in the 
dipole regime, data analysis was carried out in the theoretical framework of crystal growth via Ostwald ripening. 
The assessment has allowed for estimating the apparent activation energy for the process at 1.9 eV. Such value 
appeared rather small, in comparison to those reported for the real-time thermal processing of Ag:SiO2 films in an 
inert atmosphere. The lower value found in air is believed to be related to: (i) O2 diffusion within the films leading to 
the oxidation process promoting rather unstable Ag particles more susceptible to dissolution during the ripening; and 
(ii) a decrease in film rigidity likely attained owing to sodium doping of the film by the substrate, which would favor 
the diffusion of Ag atoms subsequently incorporated into the growing larger NPs. 
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